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Abstract. The implications of recent studies of the dynamics of the cores of highly evolved massive
stars are considered with regard to the general problems of nucleosynthesis. The typical conditions
estimated for these models are shown to be very promising for the process of element synthesis by
neutron capture on a fast time scale (the r-process of BURBIDGE ef al., 1957).

1. Introduction

Studies of the thermonuclear reaction mechanisms believed to be responsible for the
production of the heavy elements (4 >40) have generally been restricted by the lack
of a realistic model of the stellar environment. Investigations of both the slow and
rapid neutron-capture processes have involved attempts to fit the observed abundance
patterns with various choices for the available neutron flux (SEEGER ef al., 1965).
Considerations of the formation of nuclei in the iron peak region have generally been
concerned with the deviations of the observed abundances from an equilibrium con-
figuration (BURBIDGE et al., 1957), or with the nuclear transformations which take
place under somewhat arbitrarily specified temperature and density conditions (TRU-
RAN et al., 1966). While such studies have established the role of these processes in the
synthesis of the heavy elements, they have not provided a complete picture of the
sequence of these processes within the general framework of stellar evolution and
nucleosynthesis.
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Recent studies of the dynamics of the cores of highly evolved massive stars
(ARNETT, 1966, 1967a; COLGATE and WHITE, 1966) have revealed that for cores of
mass M.<4 M, a considerable fraction of the core mass will be ejected. This mass
gjection may be identified with supernova explosions. At the extreme temperature and
density conditions realized in the core the matter is composed predominantly of
neutrons. As the ejected matter expands and cools, these neutrons may be converted
to protons, helium and heavier elements. Preliminary estimates indicate that element
synthesis may take place readily under these conditions. In this paper we will consider
the implications of this model with regard to the problem of the synthesis of the
heavy elements by rapid neutron capture. The possible production of heavy elements
in the supernova envelope is also discussed. The formation of iron peak elements in
the supernova envelope has been considered in another paper (TRURAN et al., 1967).

The outline of this paper is as follows. In Section 2 we review in detail the super-
nova model on which our calculations are based. In Section 3 the nuclear reaction
network employed in these calculations is defined, and a brief discussion of the relevant
nuclear physics is presented. The results of our studies of the extent of heavy-element
production are presented in Section 4. In Section 5 the abundance configurations
predicted in equilibrium for our temperature and density conditions are presented.
The three processes of element synthesis which are believed to be responsible for the
production of the heavy elements are defined in Section 6. In Section 7, the implica-
tions of the supernova conditions for the process of element synthesis by rapid neutron
capture are considered in detail. A brief discussion of other possible neutron-capture
processes is given in Section 8.

2. Supernova Model

The paths in the density-temperature plane of two representative mass zones of the
2 Mg, supernova core model of ARNETT (1967a; see also ARNETT and CAMERON, 1967)
are shown in Figure 1. In this paper we will be concerned with the innermost ejected
layers of the core, as represented by the mass zone at 0.9743 M. The initial model
evolves along the adiabat 4B because hydrodynamic compression has become rapid
compared to neutrino-energy loss. The evolution of the 0.9743 M, interior mass zone
is extremely rapid from B to C. Inadequate sampling of the calculation (once per
thousand time cycles) makes our knowledge of the details of the path uncertain here.
Evolving from C to D this material encounters the thermal wave due to energy-
transporting neutrinos. After heating, the infall of the material is reversed and it
begins to expand from D to E. At E it again encounters the neutrino-emission surface.
The non-adiabatic evolution along EF is in the thin-approximation region for neutrino
transport. The heating processes exceed cooling because the core is expanding and
therefore decreasing its ‘optical’ depth for neutrinos (antineutrinos); this results in
more rapid energy transfer from the core. Along FG the cooling is almost adiabatic
because the neutrino flux is attenuated by spherical geometry and the evolution is too
fast for the usual pair annihilation neutrino-loss rate to be important (although it is
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Fig. 1. Evolution in the density-temperature plane of selected representative mass zones expelled

by the 2 Mg model of the core of a massive star. Details of the calculation are given in ARNETT (1967a).

Radiation pressure dominates above the line so designated, and electron-degeneracy pressure
dominates below the line so designated.

included in the calculation). At G the equilibrium for strong interactions transforming
“He to nucleons begins to favor “He again.

In the calculation shown in Figure 1, the ratio of neutron and proton-number
densities was of order unity, so that evolution proceeded along GH. This was an over-
simplification of the time-dependent equation of state. Electron capture was assumed
to occur only on nuclei, and only if the density was more than 10'' gm/cm?. While
this assumption does not affect the behavior of the material which forms the nuclear-
density central region, and has little effect on the qualitative hydrodynamic behavior
of the ejected mass, a more accurate estimate of the neutron to proton ratio is desirable
for a discussion of the implications of this model for element synthesis.

In a subsequent consideration of this problem (ARNETT and CAMERON, 1967) it
was found that the weak interactions should freeze out in the early stages of expansion
of the ejected material at a temperature of approximately 20 billion degrees and a
density of 7x 10° gm/cm?: the neutron to proton ratio realized in this freezing pro-
cess was approximately 8. This ratio was not found to be a sensitive function of the
freezing density. For this neutron to proton ratio only a fraction of the mass will be
converted to helium; energy considerations suggest that the evolutionary path shown
in Figure 1 will be amended in the manner indicated by the dashed line.

The temperature-density history of the stellar material employed in our considera-
tions of nucleosynthesis in this paper are those obtained in the manner described
above. While these results are the best estimates available to date, it should be empha-
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sized that a proper coupling of the hydrodynamic equations, the transport equations
for weak interactions and compositional changes has not yet been accomplished, and
that rotational effects have not been included (see COLGATE, 1967; ARNETT, 1967b).
Under these circumstances it seems most prudent to consider that a range of adiabats
may be involved either in a single supernova or among a group of supernovae.

The temperature-density profiles employed in our calculations are shown in Figure
2. The initial temperature we consider is 10'° °K, at which point the weak interactions
have frozen out and the formation of helium from neutrons and protons will proceed
rapidly. The density curve shown here is that which has been corrected for the neutron-
rich behavior; this is the low adiabat. For the high adiabat, the density is reduced by
a factor of 10. The decrease in temperature and density with time results from the
expansion and cooling of the ejected material.

We are interested in the subsequent thermonuclear evolution of the matter ejected
on these supernova models. For the temperature and densities of interest here, the
time scale for the conversion of neutrons and protons to *He is considerably less than
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Fig. 2. The temperature and density profile employed in our network calculations. This density
curve responds to the low adiabat; for the high adiabat, the density is reduced by a factor of 10.
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the hydrodynamic time scale. The critical consideration is whether the buildup toward
heavier nuclei will continue, providing seed nuclei for the process of neutron capture
on a fast time scale.

3. Nuclear Reaction Network and Reaction Rates

It was shown in a previous paper (ARNETT and CAMERON, 1967) that substantial
amounts of '2C are built up in equilibrium with neutrons, protons, and a-particles
during the expansion of neutron-rich material along the adiabats discussed above.
We wish to determine whether a true nuclear statistical equilibrium will be approached
and maintained during the expansion. The nuclear-reaction pathways along which the
approach to equilibrium will take place presumably lie in the region of very neutron-
rich heavy nuclei. The approach to nuclear statistical equilibrium has so far been
investigated only for pathways which lie close to the ordinary valley of beta stability
(TRURAN et al.,1966b). We donot feel that the techniques used to determine the appro-
priate nuclear reaction cross-sections (TRURAN et al., 1966a) will give reliable predictions
for very neutron-rich nuclei, and hence extensive calculations have not been made
with such nuclei.
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Fig. 3. Schematic of the nuclear reaction network employed in these calculations. The reactions
involving the light nuclei are indicated. Above 12C, a linear chain through 86Kr is defined by (n, )
and (a, y) reaction links.
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Instead, we have adopted the point of view that if nuclear statistical equilibrium
can be approached by any set of reaction pathways during the expansion along the
adiabat, then it should certainly be attained by the fastest pathway. We have been
conservative in that we have required that charged-particle addition reactions must
involve a-particle capture at least up to nuclear charge numbers equivalent to those
encountered in nuclear statistical equilibrium. We have chosen a specific pathway
lying close to the ordinary valley of B-stability so that the reaction rates should be
fairly reliable.

Accordingly, we have defined a simple nuclear reaction network providing suitable
nuclear reaction links connecting neutrons, protons and «-particles to °Kr. This
network is illustrated in Figure 3. In the light-element region we have included the
more important reactions linking neutrons, protons and a-particles, as indicated in
the figure. The rates employed for these reactions were taken from WAGONER et al.
(1967).

For the heavy elements, we have considered only a-particle and neutron-capture
reactions. Where experimental data are available, these rates are determined as sums
over individual resonance contributions; otherwise, they are calculated theoretically
from average nuclear properties (TRURAN et al., 1966a). Specifically, experimental
determinations of the reaction rates were employed for the triple-a reaction and for
the a-capture reactions on 2C, '°0O, 2°Ne, and **Mg (TRURAN et al., 1966a, b;
REEVES, 1965; FOWLER et al., 1967).

SHAW and CLAYTON (1967) have considered the enhancement of radiative tran-
sition rates by inelastic scattering with electrons and ions in stellar matter. They have
pointed out that these effects may be important under non-equilibrium conditions in
fusion reactions in the cores of supernovae. In our calculations, both carbon and the
heavy elements remain in equilibrium with respect to neutrons and a-particles down
to a temperature of approximately 5 billion degrees. At this temperature, the density
for the low adiabat considered in our calculations is 8.75x 107 gm/cm?® and clearly
those effects are not important. In general, this process will become important in
mass zones characterized both by considerably higher densities and by shorter-expan-
sion time scales.

Another possible mechanism for the enhancement of radiative transitions is
inelastic neutron scattering. A rough calculation reveals that this effect should con-
tribute significantly to the de-excitation of the 7.53 MeV level in '?C for densities
p=210° gm/cm®. However, the effects of this enhancement of the rate of the triple-c
reaction are not important under the conditions considered in this paper as '*C is
found to be in equilibrium with a-particles throughout the buildup process. Any
enhancement of the triple-a rate can only further assure that this equilibrium is main-
tained. We have performed a calculation in which the triple-a rate was enhanced
throughout the expansion by a factor of 10° (corresponding crudely to the enhance-
ment one would expect due to neutron de-excitation collisions at a density p~10®
gm/cm?), and we found that the resulting abundance distribution was not significantly
affected.
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The relaxation of this nuclear reaction network is governed by the equations for
the rates of change of the abundances of the various nuclear species. The non-linear
equations for the changes in the number densities of the various constituents have
been expressed in a backward difference form and solved by matrix inversion.

4. Production of Seed Nuclei

We have considered the nuclear transmutations which will take place for a range of
temperature and density conditions. In Figure 4 are plotted the mass fractions of the
more important nuclear constituents as a function of time for the high-density profile.
The initial neutron to proton ratio is 8. It is evident from the behavior in the early
stages that an equilibrium has been rapidly established among neutrons, protons,
a-particles and '2C. As the temperature decreases, and the a-particle capture past !2C
becomes more rapid, the abundances of the light elements and '2C decreases, while
the abundances of intermediate nuclei and ultimately 8¢Kr are rapidly increasing. At a
temperature of approximately 4 billion degrees (approximately 2x 1072 sec) the
reactions involving the heavy elements freeze out in the sense that the nuclear-reaction

MASS FRACTION

TIME (SECONDS)

Fig. 4. The evolution of a region composed initially of neutrons and protons in the ratio N/P =8
is shown for the low-adiabatic cooling curve. The mass fractions of the more abundant constituents
are plotted as a function of time.
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Fig. 5. The evolution of a region composed initially of neutrons and protons in the ratio N/P =8
is shown for the high-adiabatic cooling curve. The mass fractions of the more abundant constituents
are plotted as a function of time.

time scale becomes long compared to the expansion time scale. The final abundance
of 85Kr is 20% by mass.

The results of a similar calculation performed for the lower-density profile are
shown in Figure 5. Here the buildup of !2C is somewhat impeded by the lower density.
However, the final #¢Kr abundance still approaches 10%, by mass.

The effects of varying the total neutron to proton ratio realized in freezing are
shown in Figure 6. Here the ratio N/P=3, and the low-density adiabat is employed.
Generally, the protons will be converted completely to helium, hence a larger fraction
of the mass can be converted to heavy elements. The ®Kr abundance realized in this
calculation approaches 509 by mass.

For both of the density profiles considered above, an appreciable fraction of the
mass was found to be processes to ®°Kr. It is of interest to determine more precisely
the limiting conditions under which this buildup process will take place. In Figure 7
are shown the results of a similar calculation performed for an order of magnitude
higher adiabat

p=7x10°T;.

(This is a somewhat unrealistic condition with regard to the supernova model discussed
previously; further, the neutron to proton ratio employed is rather high for these
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Fig. 6. The evolution of a region composed initially of neutrons and protons in the ratio N/P =3
is shown for the high-adiabatic cooling curve. The mass fractions of the more abundant constituents
are plotted as a function of time.

conditions.) The abundance of heavy elements produced is approximately 5%, by mass.
Here *°Ca is the most abundant nucleus, as heavy-element production is impeded by
the low densities.

These results suggest that the breakthrough past 2C to heavy elements can take
place readily under these conditions. It is clear, however, that our simple linear chain
past carbon does not provide an accurate representation of the flows through the
iron peak and beyond. Specifically, for the high neutron concentration in our calcula-
tion the major flow might proceed far into the neutron-rich regions. In this regard,
these calculations should give an upper limit both on the time scale required and on
the ratio of neutrons to seed nuclei for rapid neutron capture.

5. Equilibrium Abundances

The final distribution of seed nuclei for the rapid neutron-capture process may be
estimated on the assumption that the nuclear reactions are sufficiently rapid that a
condition of nuclear statistical equilibrium is established (HoyLg, 1946; TSURUTA and
CAMERON, 1965). The abundance of a nucleus of atomic number Z and mass number
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A in equilibrium is given by

o 2\ 3/2(4-1) n(A—Z)nZ
n(A, Z)y=w(4, 2) (Mk:r) (4°%) J‘ZT'»’ exp [@(4, Z)/kT],

where n, and n, are the number densities of free protons and neutrons and Q(4, Z)
and w(4, Z) are the binding energy and partition function, respectively, of the nucleus
(4, Z).

These equations are supplemented, for our conditions, by the equation for the
conservation of mass

p = A (A Z)[No
k
and by an equation specifying the total ratio of neutrons to protons
N/P = Z(Ak _ Zk)n(Ak, Zk)/zzkn (Ak7 Zk) -
k k

Here N, is Avogadro’s number, and the sums are taken over all nuclear constituents
including neutrons and protons. If we specify the temperature, the density, and the
total ratio of neutrons to protons, these equations can be readily solved for the equilib-
rium-number densities.

MASS FRACTION

] 1
10~% 103 1072 10~ |
TIME (SECONDS)

Fig. 7. The evolution of a region composed initially of neutrons and protons in the ratio N/P =8
is shown for the high-adiabatic cooling curve: p=7 % 103Ty3. The mass fractions of the more
abundant constituents are plotted as a function of time.
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Fig. 8. The equilibrium abundances of nuclei at the freezing temperature (T'=4 x 10° °K) are
shown as a function of mass number for the high-density adiabatic cooling curve.
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Fig. 9. The equilibrium abundances of nuclei at a temperature 7=3 x 10° °K for the high-density
adiabatic cooling curve are shown as a function of mass number,
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The equilibrium abundances obtained for a temperature of 4 x 10°°K, a density
of 4.48 x 107 gm/cm® and a total neutron to proton ratio of 8 are shown in Figure 8.
These conditions are those predicted by the low adiabat at the point at which the
reactions involving the heavy elements have frozen out. The masses employed for
nuclei in the neutron-rich regions far from the valley of fS-stability are those predicted
by the exponential mass formula of CAMERON and ELKIN (1965).

The peak nucleus in equilibrium under these conditions is '®Ni, having 28 protons
and 50 neutrons. It is understandable that this nucleus, possessing ‘magic’ numbers
of both protons and neutrons, is exceptionally stable. However, at slightly lower tem-
peratures the peak shifts from "®Ni to 12°Sr (38 protons and 82 neutrons). This behav-
ior is evident in Figure 9, where the equilibrium abundance distribution for the same
adiabat at a temperature 3 x 10° °K is shown. The major abundance peak under these
conditions is thus seen to be one neutron closed shell removed from the valley of
beta stability.

The equilibrium abundances for the high adiabat at the same freezing temperature
are shown in Figure 10. The total ratio of neutrons to protons is again taken to be 8.
At the factor of ten lower density considered here, the abundance peak remains in the
vicinity of "®Ni for a temperature of 3 x 10°°K. The shifting of the peak to the N =82
neutron shell occurs for T~2 x 10°°K, well below the temperatures for which any
appreciable buildup of heavy elements by charged particle reactions can take place.

28
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Fig. 10. The equilibrium abundances of nuclei at the freezing temperature (T=4 x 10° °K) are
shown as a function of mass number for the low-density adiabatic cooling curve.

© Kluwer Academic Publishers ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1968Ap%26SS...1..129T&amp;db_key=AST

&SS. ~ AT TIZ0T

]

rT9638A

RAPID NEUTRON CAPTURE IN SUPERNOVA EXPLOSIONS 141

The temperature dependences of the abundances of neutrons, protons and alpha
particles are shown in Figure 11. The total number density of nuclei with Z>2
(denoted by ) ., n(4, Z)) is also included. The solid lines correspond to the high-
density adiabatic cooling curve and the dashed lines to the low-density case. The peak
nuclei under different temperature-density conditions are indicated by their respective
mass numbers and charge numbers (4,, Z,).

The general trends evident in these equilibrium studies may be summarized as
follows. A decrease in temperature, for the same adiabatic density dependence, results
in a shifting of the abundance peak toward more neutron rich nuclei. The presence of
increased abundances of neutron rich nuclei in equilibrium is also favored by higher
densities.

6. Mechanisms for Heavy-Element Production

There are three distinct processes of nucleosynthesis which are thought to be respon-
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Fig. 11. The number densities of neutrons, protons and alpha particles and the total number density
of heavy elements (A4 >> 4) are plotted as a function of temperature for the two adiabats considered.
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sible for the production of the heavy elements (BURBIDGE et al., 1957 ; CAMERON, 1957):
neutron capture on slow and fast time scales and the process responsible for the pro-
duction of the by-passed nuclei. The abundance trends of even mass numbers for
these processes are shown in Figure 12 (CAMERON, 1967).

Neutron capture on a slow time scale (the s-process) is characterized by neutron-
capture lifetimes which are long compared to typical f-decay lifetimes in the vicinity
of the valley of B-stability; the path of this process therefore proceeds along the valley
of B-stability, the abundance-distribution peaking at the neutron closed-shell positions

where the neutron capture cross-sections decrease. These are evident in Figure 12
near mass number 4=90, 138 and 208.
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Fig. 12. Trends among heavy nuclei of abundances attributable to neutron capture on fast and
slow time scales and to bypassed processes.

If the neutron-capture lifetimes are short compared to the appropriate f-decay
lifetimes, the neutron-capture path will lie far out on the neutron-rich side of the valley
of B-stability. Such a situation might be realized in the presence of an extreme neutron
flux ; the temperature must be sufficiently low that progress along the neutron-capture
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chains is not impeded by photo-disintegrations. Following the exhaustion of the neu-
tron flux, the capture products approach the valley of f-stability by a series of f-decays.
This sequence corresponds to neutron capture on a fast time scale (the r-process).

The abundance features near mass numbers 4 ~ 130 and 195 are generally attribut-
ed to this rapid neutron-capture process (SEEGER ef al., 1965).

The bypassed nuclei are nuclei on the neutron-deficient side of the valley of f-
stability which cannot be produced by any neutron-capture process. In principle,
these can result from neutron photodisintegration processes or proton-capture pro-
cesses (the p-process) proceeding on the products of earlier neutron-capture synthesis.
The apparent constancy of the ratio of the abundance level of bypassed nuclei to that
for the neutron-capture products, evident in Figure 12, is consistent with this picture.

In the subsequent discussion we will be concerned primarily with the conditions
under which the production of heavy elements by rapid neutron capture can take
place.

7. Rapid Neutron Capture

We are now prepared to consider the implications of the supernova shock conditions
with regard to the problem of element synthesis by rapid neutron capture. We have
found that the production of elements in the vicinity of the iron peak and beyond can
take place in the early stages of expansion of the ejected material via charged-particle
and neutron-capture reactions. The charged-particle reaction rates decrease rapidly
with temperature, and a stable abundance configuration is realized at a temperature
in the vicinity of 4 x 10°°K. This abundance pattern has been distorted severely by
the limited nuclear reaction network we employed; the abundances predicted in
equilibrium for the ‘freezing’ conditions should provide a more realistic estimate of
those realized in the expanding material.

While the charged-particle reactions are no longer contributing to the buildup of
heavy elements below 4 x 10° °K, and progress toward elements of higher Z is impeded,
neutron-capture buildup under these conditions should be limited only by neutron-
photodisintegration reactions. The equilibrium calculation displayed in Figure 10
predicts a neutron-number density of 1.88x 103° cm™2 and a ratio of neutrons to
heavy nuclei of approximately 200. As the temperature is further decreased, the
neutron-photodisintegration rates will decrease, allowing successive neutron captures
to proceed toward nuclei which are increasingly fS-unstable.

SEEGER et al. (1965) have pointed out that if the abundance peaks at 4 =130 and
195 are to be understood in terms of nuclear shell structure, an environment charac-
terized by a high temperature and neutron-number density (7~ 10° °K, n, ~10** cm ™)
is required. These conditions are necessary, on their model, for the establishment of a
thermal equilibrium between the isotopes of any element, neutrons and photons on a
time scale which is short compared to typical p-decay lifetimes. It is clear, however,
that these conditions are extremely sensitive to mass-formula predictions of the neu-
tron-binding energies and f-decay energies of the neutron-rich isotopes formed in the
rapid neutron-capture process.
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We feel that the rapid neutron-capture buildup will be terminated either by the
exhaustion of the neutron flux or by the expansion of the medium to extremely low
densities. In order to determine which of these is the limiting consideration, and to cal-
culate the final abundances resulting from this neutron-capture process, the subsequent
history of the medium must be followed in detail. This will involve coupling the hydrody-
namic equations with the equations governing the nuclear transformations. Two of us
(W.D. Arnettand J.W. Truran)are currently involved in the formulation of thisproblem.

Taken at face value, the conditions we have considered here lead to the formation
of a large amount of heavy elements. It also seems likely that many of the elements
present in nature in the silicon to iron region have been made in supernova explosions
(TRURAN et al., 1967). The products of the rapid neutron-capture process have an
observed abundance relative to the silicon to iron region in the range 10™*-107°. It
is clear, therefore, that of all the mass processed in supernova explosions only a small
part can be processed in the manner outlined in this paper. The trends in current
supernova models are consistent with this conclusion.

8. Other Neutron-Capture Processes

There are several features of the observed abundance distribution of the heavy cle-
ments which are difficult to account for on the basis of the rapid neutron-capture
process outlined above; specifically the abundance peak in the vicinity of mass number
A~103 and that in the rare earth region (see Figure 12). We believe these may have
resulted from the exposure of a region containing a few percent by mass of the prod-
ucts of slow neutron capture to a somewhat smaller neutron flux. This condition
may be realized in the supernova envelope in the vicinity of the helium-burning shell
source, during the passage of the shock wave (TRURAN et al., 1967). We have found
that neutrons released in («, n) reactions proceeding on 2°Mg, 2°Mg and *°Si resulted
in a neutron-number density exceeding 2 x 10'® particles/cm® on a time scale of the
order of 1072 sec. In this case the maximum shock temperature must lie close to
3 x 10°°K, sufficient to produce rapid («, n) reactions but not sufficient to destroy the
heavy nuclei by photodisintegration. Detailed calculations of the buildup of the anom-
alous fast capture peaks resulting from neutron capture on nuclei in the preceding
slow neutron-capture peaks near 4=90 and 140 have been found to be extremely
sensitive to our estimates of the neutron capture cross-sections. We are currently
undertaking a re-evaluation of these cross-section calculations. Also, the neutron-
number density estimated for this model is somewhat low.

ScuwarzscHILD and HARM (1967) have recently carried numerical calculations
through the first 4 million years of shell helium burning for a Population II star of
1.2 solar masses. The thermal instability associated with this shell-burning phase
results in ‘relaxation oscillations’ in which the main helium shell flash leads to the
formation of a convective zone proceeding outward from the shell. When, after nine
such cycles, the convective zone reaches the hydrogen-rich layers above, the mixing
of protons with the products of helium burning can proceed.
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SANDERS (1967) has considered the implications of this behavior with regard to
s-process nucleosynthesis. He finds that for relatively small admixtures of protons
into a carbon (oxygen) region, the major product will be '*C(*70). For both of these
cases (a, n) reactions proceeding on a somewhat longer time scale may release sufficient
neutrons to drive the slow neutron-capture process.

These conditions are promising as well with regard to the formation of the anom-
alous abundance peaks discussed above. The mixing of protons into a carbon and
oxygen region will result in the production of '*N as well as '*C and 70 in fact, for
large proton admixtures the '*N abundance will exceed those of 1*C and '7O. In the
presence of an appreciable helium abundance, this '*N may be destroyed by

14N(oc, y)lgF(ﬁ+v)180(oc, y)zzNe.

The subsequent passage of a shock wave through such a region may result in the
production of a substantial neutron flux by

**Ne(«, n)**Mg(a, n)*®Si.

These neutrons would be produced in a region in which slow neutron capture
may previously have taken place, providing seed nuclei. We are currently undertaking
a study of this process.
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